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Glucose homeostasis is controlled in part by regulation of glucose uptake into muscle and adipose tissue.
Intracellular membrane vesicles containing the GLUT4 glucose transporter move towards the cell cortex in
response to insulin and then fuse with the plasma membrane. Here we show that the fusion step is retarded
by the inhibition of phosphatidylinositol (PI) 3-kinase. Treatment of insulin-stimulated 3T3-L1 adipocytes with
the PI 3-kinase inhibitor LY294002 causes the accumulation of GLUT4-containing vesicles just beneath the cell
surface. This accumulation of GLUT4-containing vesicles near the plasma membrane prior to fusion requires
an intact cytoskeletal network and the unconventional myosin motor Myo1c. Remarkably, enhanced Myo1c
expression under these conditions causes extensive membrane ruffling and overrides the block in membrane
fusion caused by LY294002, restoring the display of GLUT4 on the cell exterior. Ultrafast microscopic analysis
revealed that insulin treatment leads to the mobilization of GLUT4-containing vesicles to these regions of
Myo1c-induced membrane ruffles. Thus, localized membrane remodeling driven by the Myo1c motor appears
to facilitate the fusion of exocytic GLUT4-containing vesicles with the adipocyte plasma membrane.
The plasma membranes of living cells undergo constant re-
cycling through the dynamic processes of membrane retrieval
and membrane insertion. Through these endocytic and exo-
cytic events, which include intermediate membrane transport
pathways, the relative abundance of specific plasma membrane
components and the secretion of molecules can be regulated.
Complex mechanisms involving protein-protein interactions
have evolved to coordinate such membrane trafficking pro-
cesses to ensure that transported membranes are appropriately
targeted to their specific destinations (36). These mechanisms
include directed movements on cytoskeletal tracks (39) and the
concerted actions of tethering proteins that anchor transport
vesicles to cognate target membranes (27). The membrane
fusion step in exocytosis is highly dependent on proteins that
join membranes in close proximity such that two separate lipid
bilayers merge into one (16). One class of proteins that func-
tion in this fusion step are the SNAREs (35), of which the
synaptic vesicle proteins synaptobrevin/VAMP (15) and syn-
taxin 1 (1), as well as SNAP-25 (13) on the plasma membrane,
are best characterized. Although SNAREs are clearly impor-
tant for fusion, they may not be involved in directly executing
the fusion reaction. The hypothesis that several other cofactors
are necessary to complete fusion is supported by the observa-
tion that at least under some specialized conditions the defi-
ciencies of certain SNAREs do not prevent fusion (5, 9, 32, 42).
Furthermore, specialized exocytic systems such as those in
neuronal synapses contain unique proteins that facilitate tar-
geting or regulation of membrane fusion (28). Thus, the mo-
lecular details of membrane fusion processes remain an active
area of investigation.
Among a number of newly discovered proteins that have
been implicated in the membrane targeting and fusion pro-
cesses are the SM family of proteins (38), the septins (12), and
RIM (40) and associated proteins. A recent report has also
suggested the involvement of a class V myosin, myo52, in
fission yeast in mediating vacuole fusion under osmotic stress,
providing the first link between an actin-based motor and ho-
motypic membrane fusion (23). This suggestion is particularly
interesting in light of findings in our laboratory that a myosin
I family member (Myo1c) is required for optimal insulin-stim-
ulated translocation of intracellular membranes containing
GLUT4 glucose transporters to the plasma membrane (3). In
this membrane trafficking system, GLUT4 recycles between
intracellular and plasma membrane compartments and insulin
acutely stimulates GLUT4 exocytosis through a phosphatidyl-
inositol (PI) 3-kinase-dependent pathway (6, 19, 21, 24, 34).
The detailed mechanism by which GLUT4-containing mem-
branes fuse with the plasma membrane requires interaction
between syntaxin 4 (t-SNARE) (41) and VAMP-2 (v-SNARE)
(7). However, it is not known which components or processes
that function in the GLUT4 recycling pathway are directly
downstream of PI 3-kinase signaling or require the myosin
Myo1c.
The aim of the present studies was to characterize the role of
Myo1c in the trafficking pathway of GLUT4-containing mem-
branes and its relationship to PI 3-kinase-sensitive steps. Pre-
vious work had shown that the expression of high levels of
Myo1c in cultured adipocytes enhances the extent to which
GLUT4 is translocated to the plasma membrane in response to
insulin (3). In other recent studies, PI 3-kinase signaling was
implicated in the fusion step of exocytosis of GLUT4-contain-
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ing membranes (25). Consistent with this hypothesis, we report
here that the blockade of PI 3-kinase inhibits the fusion of
GLUT4-containing membrane vesicles with the plasma mem-
brane and causes the accumulation of these vesicles just be-
neath the cell surface. Remarkably, high expression of Myo1c
could override the block in membrane fusion caused by PI
3-kinase inhibition when insulin is also present. These data
suggest that Myo1c drives a process that promotes the fusion of
GLUT4-containing vesicles with the plasma membrane.
MATERIALS AND METHODS
Materials and chemicals. LY294002 was purchased from BIOMOL. Mouse
anti-Myc (clone 9E10) monoclonal antibody was purchased from Neomarkers
Inc. Rhodamine-labeled goat anti-mouse antibodies and BODIPY 581/591 were
purchased from Molecular Probes.
DNA constructs. The construction of Myc-GLUT4-GFP, Myc-GLUT4-CFP,
and YFP-Myo1c has been described previously (3, 17). The YFP-Myo1c(T)
plasmid was constructed by subcloning a Myo1c coding sequence encompassing
residues 767 to 1028, amplified by PCR, into the BamHI and XhoI restriction
sites of pEYFPC1 in frame with yellow fluorescent protein (YFP). The construct
was sequenced, and its expression was verified in COS-1 cells prior to experi-
ments with 3T3-L1 adipocytes.
Cell culture, cell treatments, and transfection of differentiated 3T3-L1 adipo-
cytes. 3T3-L1 fibroblasts were grown to confluence and differentiated as de-
scribed previously (3). Differentiated adipocytes were transfected on the fifth day
postdifferentiation by electroporation as described previously. The cells were
then allowed to recover for 24 h before serum starvation in Dulbecco modified
Eagle medium plus 0.5% bovine serum albumin for 5 h and then treated with the
reagents described in the figure legends. Cells were pretreated with either 5 M
latrunculin and 50 M colchicine for 1 h or 100 M LY294002 for 15 min prior
to stimulation with 100 nM insulin for 30 min.
Myc-GLUT4-CFP internalization assay. Differentiated 3T3-L1 adipocytes
were electroporated either with Myc-GLUT4-CFP alone or with YFP-Myo1c, as
indicated. After 24 h, cells were stimulated with insulin for 1 h to allow the
Myc-GLUT4-CFP to translocate to the cell surface. Cells were then washed
twice with ice-cold phosphate-buffered saline, incubated at 4°C with monoclonal
anti-Myc antibodies for 1 h, washed twice with ice-cold phosphate-buffered
saline, and warmed to 37°C for the indicated times in order to allow the Myc-
GLUT4-CFP that had translocated to the cell surface in presence of insulin to
internalize. Cells were then fixed and permeabilized, and the Myc-GLUT4-CFP-
expressing cells were detected by staining with rhodamine-conjugated anti-
mouse secondary antibodies.
Live-cell imaging. In live-cell imaging experiments, adipocytes were seeded in
35-mm-diameter plastic tissue culture dishes with glass coverslip bottoms (Mat-
Tek). Images of fluorescently labeled live cells were obtained with an IX 70
inverted microscope (Olympus) with a 100 NA 1.4 objective lens, a Coolsnap
HQ (Roper Scientific) digital camera, and an excitation filter wheel and shutter
(Sutter) in the epifluorescence light path and an emission filter wheel (Sutter) in
the imaging light path. Metamorph Image acquisition and analysis software
(Universal Imaging) controlled the hardware and acquired the data. Time lapse
images were taken every 5 s for 10 to 15 min by using rhodamine and YFP filters
(Chroma). For Fig. 5, the images were deblurred by using the Metamorph
no-neighbors algorithm, in which images are reblurred by convolution with the
microscope point spread function and a fraction of the reblurred image is sub-
tracted from the original blurred image. The microscope point spread function
was calculated from the values of the numerical aperture of the objective lens,
the wavelength of the fluorescence, and the size of the image pixels.
Ultrafast microscopy. Differentiated 3T3-L1 adipocytes expressing YFP-
Myo1c and Myc-GLUT4-CFP and were imaged 24 h after transfection by using
high-speed, three-dimensional microscopy (8, 26, 30, 43). Cyan fluorescent pro-
tein (CFP) and YFP donor-acceptor pairs were imaged by using a Coherent
Argon laser tuned to 458 nm, a wavelength at which both fluorophores were
simultaneously excited. The 128- by 128-pixel camera field was split into two
subfields of 128 by 60 pixels by using a dual-view module (Optical Insights, Santa
Fe, N.M.). The donor and acceptor fields were filtered by 480/30 and 535/40
emission filters, respectively. This optical configuration insured true simultaneity
of donor-acceptor excitation and emission. Two-dimensional images of both CFP
and YFP were acquired by using exposure times of 5 ms. Each three-dimensional
image set consisted of 21 optical sections spaced 250 nm apart, with an additional
20 ms being allowed for changing focus to the next optical section. A three-
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dimensional image set was acquired in less than 600 ms. In this manner, three-
dimensional images were acquired every 10 s for 1,000 continuous seconds (16.7
min).
The images were first corrected for camera dark current. Next, since both
fluorophores were simultaneously excited by the 458-nm laser line, cells express-
ing CFP only and cells expressing only YFP were imaged to determine both the
relative alignment of the CFP and YFP subfields and the percentages of YFP
fluorescence in the CFP channel and of CFP fluorescence in the YFP channel
(data not shown). YFP bleed-through into the CFP image was negligible. CFP
bleed-through into the spatially corresponding YFP pixel (after realignment) was
determined as follows: YFPYFP (1.09 CFP). Finally, the haze originating
from light sources outside the in-focus plane of the cell was reduced by image
restoration (7). The microscope point spread function was empirically deter-
mined by imaging 190-nm fluorescent beads with the exact same optical config-
uration used for the CFP-YFP data.
For analysis of the concentration of plasma membrane-associated GLUT4 in
ruffling versus nonruffling areas shown in Fig. 6, a three-dimensional time series
image set of Myc-GLUT4-CFP and YFP-Myo1c was first subjected to intensity
thresholding. Separate thresholds for the Myc-GLUT4-CFP and YFP-Myo1c
images were chosen such that 95% of the cytosolic pixels were excluded in both
cases. Then, the average fluorescence intensity of the above-threshold pixels in
the GLUT4 image series in regions with and without apparent ruffling was
computed for each time point. The selected intensity threshold value was halved
and doubled to recalculate the GLUT4-CFP fluorescence in order to investigate
the sensitivity of the analysis (data not shown). The results were essentially the
same.
RESULTS AND DISCUSSION
PI 3-kinase is required for fusion of GLUT4-containing ves-
icles with the plasma membrane. To differentiate between
GLUT4 vesicles that translocate to the cell periphery in re-
sponse to insulin and those that actually fuse with the plasma
membrane, we employed a GLUT4 construct (Myc-GLUT4-
EGFP) containing a Myc epitope in an exofacial loop of the
transporter and a green fluorescent protein (GFP) fusion at its
cytoplasmic COOH terminus (17). The fusion of intracellular
vesicles containing this construct with the plasma membrane
exposes the Myc epitope to reaction with Myc antibody added
to intact adipocytes. As shown in Fig. 1, little or no Myc
antibody was detected on the cell surfaces of unstimulated
3T3-L1 adipocytes expressing this Myc-GLUT4-EGFP pro-
tein. Insulin treatment of these cells acutely translocates intra-
cellular Myc-GLUT4-EGFP to the cell surface, as evidenced
by the rim of GFP signal around the cell periphery and the
striking anti-Myc staining of the cell surface. Consistent with
previous studies (33), the anti-Myc signal is markedly reduced
when 3T3-L1 adipocytes are treated with the PI 3-kinase in-
hibitor LY294002 prior to stimulation with insulin, indicating
that PI 3-kinase is required for this insulin effect. However,
upon careful examination, we noted that in many of these cells
treated with LY294002 and insulin, a significant rim of GFP
signal could be observed in spite of the absence of anti-Myc
staining (Fig. 1A and B) (33). This rim was not observed in
cells treated with the inhibitor alone. These results are consis-
tent with previous data suggesting that GLUT4-containing ves-
icles can translocate to the cell periphery in response to insulin
through movements on cytoskeletal tracks even in the absence
of PI 3-kinase activity (33). Thus, fusion of the vesicles with the
plasma membrane is apparently inhibited by LY294002.
Based on these data, we directly tested whether the appear-
ance of GLUT4-containing vesicles at the cell periphery was
influenced by the disassembly of actin filaments and microtu-
bules by using the inhibitors latrunculin B and colchicine, re-
spectively. Figure 1A shows marked dispersion of GLUT4
from the perinuclear region of a typical adipocyte in response
to these inhibitors, as well as their ability to decrease the
amount of GLUT4 just beneath the plasma membrane in cells
treated with LY294002 and insulin. As previously reported
(33), latrunculin B plus colchicine also dramatically inhibited
the display of the Myc epitope (from Myc-GLUT4-EGFP) on
the cell surface in response to insulin (Fig. 1A). These data are
quantified in Fig. 1C and show that over 80% of cells exhibit
GFP rims in the presence of the PI 3-kinase inhibitor plus
insulin, whereas less than 20% display such rims when the
cytoskeleton is disrupted. Taken together, these data suggest
that insulin treatment of differentiated 3T3-L1 adipocytes
leads to the recruitment of GLUT4-containing vesicles from
the intracellular storage compartment to the cell periphery.
This translocation is microtubule and F-actin dependent but is
independent of PI 3-kinase activity. Once these vesicles reach
the cortical region of the cell, they apparently undergo fusion
by a process that requires PI 3-kinase activity.
Myo1c is required for accumulation of GLUT4-containing
vesicles at the cell cortex. Since pretreatment with LY294002
prior to insulin stimulation results in the accumulation of
GLUT4-containing vesicles, presumably anchored to actin fil-
aments, near the cortical region of the cell, we sought to test
whether Myo1c is required for this accumulation. A dominant-
negative Myo1c(T) construct was expressed in cells that were
also expressing Myc-GLUT4-CFP. This Myo1c(T) truncated
mutant has the ability to bind cargo but is missing the actin
binding region and the motor domain (29). As expected, the
expression of Myo1c(T) significantly inhibited insulin-stimu-
lated GLUT4 translocation to the cell surface, as assayed by
counting cells with anti-Myc rims both in the presence and in
the absence of PI 3-kinase activity (Fig. 2A and C). We did not
observe complete inhibition of insulin-stimulated GLUT4
translocation in all of the cells expressing Myo1c(T), presum-
ably because of the inherent variability in the expression of the
dominant-negative Myo1c. As observed before, cells express-
ing only Myc-GLUT4-CFP displayed CFP signal around the
rims of the cells when pretreated with the PI 3-kinase inhibitor
LY294002 in the presence of insulin (Fig. 2B and C). However,
this cortical accumulation of GLUT4 was significantly inhib-
ited in cells expressing the dominant-negative isoform of
Myo1c (Fig. 2A and D). These results suggest that upon insulin
stimulation, the movement of GLUT4-containing vesicles to
the cortical region of the cell or their anchoring to the actin
cytoskeleton prior to fusion requires Myo1c.
Myo1c expression overrides the LY294002-mediated block
in fusion of GLUT4-containing vesicles with the plasma mem-
brane. We have recently reported that high expression of
Myo1c augments the insulin-stimulated appearance of GLUT4
on the plasma membrane of differentiated 3T3-L1 adipocytes
(3). Data presented here (Fig. 1) indicate that PI 3-kinase
regulates the fusion of GLUT4-containing vesicles with the
plasma membrane. To test whether Myo1c function can influ-
ence the block in fusion caused by the PI 3-kinase inhibitor
LY294002, we coexpressed YFP-tagged Myo1c with Myc-
GLUT4-CFP in cultured adipocytes. In the absence of insulin,
very little GLUT4 was displayed on the cell surface in the
presence or absence of LY294002, as assayed by cell surface
anti-Myc signal. After insulin stimulation, about 80% of these
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intact cells displayed anti-Myc binding at the cell surface, sig-
nifying that much of the GLUT4 at the cell surface was in the
plasma membrane. Interestingly, the amount of Myc displayed
at the cell surface correlated directly with the amount of YFP-
Myo1c expression in these cells (Fig. 3B). When these cells
were treated with LY294002 prior to insulin stimulation, most
of the cells expressing YFP-Myo1c displayed cell surface anti-
Myc staining, compared to few of the cells expressing Myc-
GLUT4-CFP but not YFP-Myo1c (Fig. 3A and C and Fig. SA3
in the supplemental material). Quantification of anti-Myc
binding at the cell surface normalized to the expression of
Myc-GLUT4-CFP in these YFP-Myo1c-expressing cells re-
vealed about 60% of cells having anti-Myc rims, compared to
about 20% in cells not expressing YFP-Myo1c (Fig. 3D). These
data indicate that Myo1c can function to reverse the block in
membrane fusion caused by the blockade of PI 3-kinase activ-
ity (Fig. 3C and D).
One interpretation of these findings is that Myo1c potenti-
ates fusion by delivering an increased number of exocytic
GLUT4-containing vesicles to fusion sites, thus increasing the
number of possible fusions per unit time. This would tend to
increase the number of fusion events even when fusion is
partially inhibited by LY294002. This explanation is supported
by the fact that there was a small but significant increase in the
number of fused GLUT4-containing vesicles under basal con-
ditions when these cells expressed Myo1c. According to this
model, in the presence of insulin there are more vesicles
present at the cell periphery and hence the effect of the ex-
pression of Myo1c under these conditions is more pronounced.
Another possibility is that Myo1c actually functions in the
molecular mechanism of membrane fusion. Opposing these
interpretations is a potential negative effect Myo1c expression
could have in reducing the endocytosis of GLUT4 containing
vesicles, thereby indirectly increasing the number of these ves-
icles at the cell surface.
In order to distinguish between the effects of Myo1c on
exocytosis and those on endocytosis, we monitored Myc-
GLUT4-CFP internalization from the cell surface in cultured
adipocytes expressing high levels of YFP-Myo1c and in those
with only endogenous Myo1c. In the experiment depicted in
Fig. 4, adipocytes were initially stimulated with insulin for 30
min to allow Myc-GLUT4-CFP to translocate to the cell sur-
faces. The cells were then washed to remove insulin, labeled
with anti-Myc antibody at 4°C, warmed at 37°C to allow Myc-
GLUT4-CFP internalization, and then fixed at various time
points. To assess Myc-GLUT4-CFP endocytosis, the cells were
then permeabilized and stained with secondary antibody la-
beled with rhodamine. After 5 min of incubation at 37°C, very
little anti-Myc signal was detected in the cytoplasm of cells
expressing Myc-GLUT4-CFP with or without YFP-Myo1c,
with most of the anti-Myc being displayed at the cell surface.
Anti-Myc could be detected within these cells with increasing
perinuclear localization after 15- and 40-min incubations, how-
ever, and a marked decrease of anti-Myc signal at the cell
surface was observed at these times. However, the amounts of
internalized anti-Myc in cells expressing both Myc-GLUT4-
CFP and YFP-Myo1c and in cells expressing only Myc-
GLUT4-CFP were similar (Fig. 4). Although the experiment
shown in Fig. 4 is an accepted method for analyzing GLUT4
endocytosis, the result obtained 5 min after the removal of
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insulin represents the best estimate of endocytosis, while re-
sults obtained after longer times reflect the net results of both
endocytosis and exocytosis. In absence of insulin, the exocytic
rate is rather low and is presumed not to influence this assay.
These results, combined with the data presented in Fig. 3, are
consistent with the hypothesis that Myo1c potentiates insulin-
stimulated Myc-GLUT4-CFP displayed on the cell surface by
increasing the exocytic process rather than inhibiting endocy-
tosis. Although these experiments indicate that Myo1c affects
the exocytosis of GLUT4-containing vesicles, it is not yet clear
whether these effects of Myo1c are specific for GLUT4-con-
taining vesicles.
Myo1c expression in differentiated 3T3-L1 adipocytes in-
duces active membrane ruffling. An interesting observation
made in the experiments depicted in Fig. 3 and 4 was that the
expression of YFP-Myo1c plus Myc-GLUT4-CFP in differen-
tiated 3T3-L1 adipocytes induced dramatic membrane ruffling.
Insulin is also known to stimulate actin reorganization and the
formation of lamellipodia or membrane ruffles in several cell
types, including 3T3-L1 adipocytes (22), rat1 fibroblasts (10),
CHO-T cells (20), and L6 myotubes (37). Actin polymerization
has been postulated to be a plausible mechanism for driving
lamellipodia and membrane protrusions (2). An alternative
mechanism whereby unconventional myosin is responsible for
driving protrusions, with polymerized actin providing the sub-
strate on which force is exerted, has been proposed (2, 11). In
order to better assess Myo1c function in membrane ruffling, we
expressed YFP-Myo1c in differentiated 3T3-L1 adipocytes and
observed these cells by using live-cell fluorescence microscopy.
Cultured adipocytes expressing YFP-Myo1c showed dramatic
insulin-independent membrane ruffling (Fig. 5 and accompa-
nying movies in Fig. SA1 in the supplemental material), com-
pared to little or no ruffling in untransfected control adipo-
cytes, as has been observed previously by other groups (18).
Cells with high YFP-Myo1c expression did not exhibit in-
creased cortical F-actin, as detected by phalloidin staining
(data not shown). Insulin also causes membrane ruffling in
untransfected cells but not to the extent seen in YFP-Myo1c-
expressing adipocytes (data not shown). Adipocytes expressing
YFP-Myo1c were also stained with the intensely fluorescent
-BODIPY 581/591 C5-HPC [4,4-difluoro-5-(4-phenyl-1,3-buta-
dienyl)-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexa-
decanoyl-sn-glycero-3-phosphocholine], which is commonly
used as a plasma membrane probe. Several areas of these cells
displayed continuous ruffles, while the other regions of the cell
surface remained unruffled. Interestingly, the YFP-Myo1c con-
centrations in active regions of ruffling membranes were sig-
nificantly higher than those in neighboring regions which dis-
played little or no ruffling (Fig. 5). In a few cases, we observed
areas of the plasma membrane with significant Myo1c concen-
trations but which were not ruffling during the period of ob-
servation. However, we never observed a membrane ruffle in a
region without significant Myo1c concentrated in that region.
These data indicate that in differentiated 3T3-L1 adipocytes,
high levels of Myo1c are sufficient to cause extensive mem-
brane ruffling without evidence of increased actin polymeriza-
tion.
GLUT4-containing vesicles concentrate in areas of extensive
membrane ruffling prior to fusion. Taken together, the data
described above indicate that Myo1c functions to promote
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membrane ruffling as well as the fusion of GLUT4-containing
vesicles with the plasma membrane in the presence of insulin
(Fig. 1 to 5). One interpretation of these findings is that mem-
brane ruffles and the F-actin that is beneath these ruffles may
play a role in concentrating GLUT4-containing vesicles prior
to their fusion with the plasma membrane. This hypothesis has
previously been suggested based on experiments with cultured
L6 muscle cells (31, 37). In order to test whether GLUT4-
containing vesicles are recruited to the regions of membrane
ruffling upon insulin stimulation, we monitored the movement
of Myc-GLUT4-CFP in cells also expressing YFP-Myo1c by
using ultrafast microscopy. Three-dimensional images of these
cells were acquired every 10 s for 1,000 continuous seconds,
and each set of three-dimensional images consisted of 21 op-
tical sections spaced 250 nm apart, thereby accounting for the
entire volume of the cell. Figure 6 and the accompanying
movie in Fig. SA2 in the supplemental material show two
differentiated 3T3-L1 adipocytes expressing both Myc-
GLUT4-CFP and YFP-Myo1c 10 min after insulin stimulation.
Figure 6 (top panel) shows the three-dimensional projections
encompassing the 21 optical sections of these cells following
image restoration to remove out-of-focus light at one given
time point in the movie. The average Myc-CFP-GLUT4 fluo-
rescence intensity within regions of the cell adjacent to mem-
brane ruffles was then computed. This computation was done
by first visually identifying regions in these cells which were
ruffling and neighboring nonruffling regions in the same cells.
The average Myc-GLUT4-CFP intensities in the three-dimen-
sional volume near the ruffling and nonruffling areas of the
same cell at each time point were then measured over the
entire length of the movie (1,000 s). The mean and standard
deviation of this Myc-GLUT4-CFP fluorescence intensity in
each of these three-dimensional regions of the cell were then
plotted.
Based on the data presented in Fig. 6 and in Fig. SA2 in the
supplemental material, we can draw two conclusions. First,
Myo1c was consistently enriched in regions of active mem-
brane ruffles compared to Myo1c in neighboring nonruffling
FIG. 5. Myo1c expression in 3T3-L1 adipocytes causes insulin-independent membrane ruffles. Differentiated 3T3-L1 adipocytes expressing
YFP-Myo1c were serum starved. BODIPY 581/591 was added to the media at a final concentration of 1 M, and the cells were incubated for 20
min at 37°C. Membrane ruffling was observed by monitoring the cells live for 10 min, imaging them at 5-s intervals. Shown are six frames, each
25 s apart, for both BODIPY 581/591 stain and YFP-Myo1c. The images are all single optical sections from three-dimensional images following
image restoration.
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domains. Second, Myc-GLUT4-CFP vesicles were also pre-
dominantly recruited into these cytoplasmic regions of active
membrane reorganizations. As is evident from Fig. 6, the re-
gions of the cell near membrane ruffles were highly enriched in
both Myc-GLUT4-CFP and YFP-Myo1c (also see the accom-
panying movies Fig. SA2 in the supplemental material). This
aggregation of Myc-GLUT4-CFP vesicles near membrane ruf-
fles was not observed in the absence of insulin, consistent with
the hypothesis that these ruffles are enriched in exocytic Myc-
GLUT4-CFP vesicles. As shown in Fig. 5, YFP-Myo1c was also
predominantly concentrated in these ruffles. These data are
consistent with the hypothesis that insulin stimulation of cul-
tured adipocytes results in the recruitment of exocytic GLUT4-
containing vesicles to regions of Myo1c-driven membrane ruf-
fling, where they undergo fusion.
Like other regulated exocytic pathways, insulin-stimulated
GLUT4 vesicle trafficking involves budding from an internal
storage compartment and translocation to the cell periphery,
followed by fusion. Insulin-stimulated GLUT4 translocation to
the cell surface probably involves microtubules aided by kine-
sin motors (14, 33). Results presented here confirm that the
cytoskeleton is necessary for the translocation and that PI
3-kinase activity is not needed for this process. Our present
and previous results indicate that, once GLUT4 reaches the
cell periphery, the GLUT4-containing vesicles associate with
actin filaments. A novel finding presented here is the require-
ment of Myo1c in this step, which apparently involves GLUT4
mobilization and anchoring to the cell cortex (Fig. 2). Al-
though direct evidence is lacking, it is possible that the Myo1c
cargo domain binds to a putative receptor on the GLUT4-
containing vesicles, thereby tethering the vesicle to actin fila-
ments. This process is apparently followed by the fusion of
these vesicles with the plasma membrane, which, as we have
shown, requires PI 3-kinase activity (Fig. 1). Importantly, the
expression of Myo1c can partially overcome the block in fusion
in the absence of PI 3-kinase activity (Fig. 3). Coupled with the
previously reported observation that the expression of Myo1c
potentiates GLUT4 translocation and fusion, these data sug-
gest that Myo1c may be involved in the fusion process.
The hypothesis that Myo1c may directly participate in the
mechanism of membrane fusion is further highlighted by the
dramatic membrane ruffling induced by Myo1c in cultured
adipocytes (Fig. 5). Insulin treatment of these cells results in
the recruitment of exocytic GLUT4-containing vesicles to
these sites of membrane ruffles (Fig. 6). A recent report sug-
gests that exocytic vesicles are directed to membrane ruffles
prior to fusion with the plasma membrane (4). Our data thus
suggest that, in cultured adipocytes, Myo1c is responsible for
localized membrane remodeling, which facilitates the fusion of
GLUT4-containing vesicles with the plasma membrane in the
presence of insulin. Future experiments are needed to directly
test this hypothesis.
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